Introduction
Coagulation analysis of blood and plasma is usually performed using citrate anticoagulated blood, which is recalcified at the time of analysis. In most common coagulation assays used today, like activated clotting time, activated partial prothrombin time (APTT) and prothrombin time, the coagulation is also accelerated by the addition of some reagent, which shortens the clotting time for the sample to the range of seconds. Increasing knowledge of the process of coagulation in vivo, however, has shown that this is a process normally requiring minutes, and which occurs without a complete consumption of the plasma coagulation factors present [1, 2] . This has led to the development and description of several methods by which whole blood clotting times or thrombin generation are measured during several minutes. Some of these methods, like thromboelastography, ROTEM and Sonoclot, have been used in various settings during anaesthesiology and surgery, while others, like free oscillation rheometry (FOR) and thrombin generation measurements are, as yet, mostly used for laboratory investigations. In our studies of such systems and during the literature search for similar studies, we have noticed that while we, as well as others [3] [4] [5] , usually obtained clotting times exceeding 20 min for citrated blood samples after recalcification, other reports were stating that this time was normally 6-10 min [6] . We further noticed that differing results have been reported regarding the use of citrated blood samples compared with native ones in thromboelastography, while some studies state that there are no differences [4, 5] , others report that citrated samples differ substantially from native blood samples [3, 7, 8] . The aim of this study was to establish whether some of these differences might depend on pre-analytic factors such as the use of different blood collection systems.
Methods
Tri-sodium citrate and CaCl 2 Â 2 H 2 O were from E. Merck, Darmstadt, Germany. Corn trypsin inhibitor (CTI) was from Enzyme Research Laboratories (South Bend, Indiana, USA). The monoclonal antibodies against human tissue factor (#4509 and #4503) were from American Diagnostica Inc. (Greenwich, Connecticut, USA). The polyclonal chicken antibody (IgG fraction purified from egg yolk) directed against human factor XI was a kind gift from Anders Larsson at the Department of Clinical Chemistry, Uppsala University Hospital, Sweden.
The blood donors were donating blood at Linkö ping University Hospital and fulfilled the criteria that the hospital sets for the blood donors. Whole blood samples were collected in different plastic vacuum tubes, Vacutainer (Becton Dickinson, Rutherford, New Jersey, USA), Vacuette (Greiner Bio-One, Kremsmü nster, Austria) or S-Monovette (Sarstedt, Nü mbrecht, Germany), all containing sodium citrate (129 mmol/l, i.e. 2.8%, pH around 5.5, final dilution 1 : 10). In one set of experiments, the tubes were pre-filled with corn trypsin inhibitor (CTI) (final concentration 30 mg/ml), to inhibit factor XIIa (fXIIa), or antibodies towards human factor XI or tissue factor (final concentrations 33 and 10 mg/ml, respectively).
The blood was stored at room temperature and was recalcified after different times of incubation. For some experiments the blood was centrifuged at 2500 g for 15 min to obtain platelet poor plasma. This plasma was either recalcified directly or incubated for 5 min at 378C with CTI or antibodies towards human factor XI or tissue factor before recalcification (final concentrations 50, 55 and 17 mg/ml, respectively; the higher concentrations were used to achieve approximately the same plasma concentrations as in the experiments when the inhibitors were added directly to the blood collection tubes). In cases when sub-sampling for plasma preparation or incubation had to be performed, standard plastic tubes of polypropylene or polystyrene, that had been previously tested not to affect the clotting times, were used. The time of contact with these other tubes was also minimized. Calcium chloride (0.5 mol/l) was added to a final concentration of 10 mmol/l in blood and 18 mmol/l in plasma, which gave a calcium ion activity of 1.2 mmol/l in serum after clotting (determined potentiometrically with an ICA 2 Ionised Calcium Analyser from Radiometer, Copenhagen, Denmark).
Clotting of recalcified blood and plasma samples was measured utilizing free oscillation rheometry (FOR). The four-channel free oscillation rheometers, ReoRox4, disposable plastic sample cups and software (ReoRox4 v2.00 and ReoRox4Viewer v2.01) were from MediRox AB, Nykö ping, Sweden. This technique has been used by us in previous studies, and its close correlation to the clotting time determined by visual inspection has been verified [9] . Plasma samples still not clotted after 3 h were assigned a clotting time of 180 min. In the inhibitor experiments, all samples from a donor were excluded if the control sample, to which no inhibitor had been added, did not clot within 180 min.
The presence of platelet and leukocyte microparticles within plasma was investigated by flow cytometry, utilizing a Coulter Epics XL Flow Cytometer (Beckman Coulter Inc., Fullerton, California, USA). Phycoerythrinconjugated mouse antibodies against GPIIb (CD41) and phycoerythrin-conjugated IgG 1 (negative control) were purchased from Dako AS (Glostrup, Denmark). A PC5-conjugated mouse antibody against leukocyte antigen CD45 was purchased from Immunotech (Marseille, France). In the protocol, particles were collected using forward and side scatter. The scattergram contained a gate in forward scatter for the determination of microparticles, which contained 1-2 % of the particles in a normal platelet-rich plasma sample. The number of phycoerythrin or PC5-positive particles collected within this gate in 180 s was determined for platelet poor plasma samples, collected by centrifugation (at 2500g, 15 min) from the different vacuum tubes 1 h after blood collection. Most samples were run in duplicate.
Statistics
Due to the rather small sample sizes and the large differences in variance between different time points, we chose to use the Friedman test, a non-parametric alternative to the repeated measures analysis of variance. The clotting times for blood or plasma samples with and without inhibitors added were compared with the Friedman test in combination with a post-hoc test (based on a derivation of the distribution of the largest difference between the results with and without inhibitor and a comparison of rank sums between the different groups compared) for the cases involving repeated measurements, and with the non-parametric Wilcoxon signed ranks test in the other cases. Statistical analyses were performed using SPSS for Windows (SPSS Inc., Chicago, Illinois, USA) except for the Friedman post-hoc test, which was performed by a statistician at Linkö ping University.
Results
Blood collected in Vacutainer or Vacuette tubes displayed markedly shorter clotting times than blood collected in Monovette tubes (Fig. 1) . This was not due to the anticoagulant solution, since the clotting time was still prolonged for samples in which citrate solution from a Vacutainer tube had been transferred to a Monovette tube. The clotting times for blood from Vacutainer or Vacuette tubes decreased with incubation time, with maximal effect after approximately 30 min, indicating that eventual differences in vacuum during blood sampling was not the determinant factor.
Blood samples were also sub-sampled and centrifuged at different time points to obtain platelet poor plasma. When comparing clotting times for these plasma samples, it was shown that even though the times for plasma from Vacutainer, Vacuette and Monovette tubes were similar after 15 min, they rapidly decreased in the Vacutainer and Vacuette tubes, while the times for plasma from the Monovette tubes stayed almost unchanged (Fig. 2) .
The clotting time decrease with time observed for some blood collection tubes made us suspect that the contact with the tubes might have caused activation of factor XII from the intrinsic coagulation pathway. The other possibility was coagulation activation via the extrinsic pathway, which would imply that tissue factor had, by some means, been exposed by the blood cells present. To examine these different possibilities, plasma was prepared from whole blood stored for 1 h in the different vacuum tubes. CTI or antibodies against factor XI or tissue factor was added to this plasma.
The results are shown in Figure 3 . Inhibition of fXIIa by CTI had minor effects on the clotting times for plasma samples from Vacutainer and Vacuette tubes. In the Monovette tubes, however, CTI was very effective in prolonging the clotting times. On the other hand, addition of an antibody against factor XI prolonged the clotting time significantly for plasma from all types of tubes.
The antibody against human tissue factor did not affect the clotting times in samples from Vacutainer tubes, the clotting time was 11.7 AE 1.9 min without and 11.9 AE 1.1 min with the antibody (mean AE SD, n ¼ 5). For Vacuette tubes the clotting time was 17.8 AE 11.1 min without and 14.4 AE 5.0 min with the antibody (n ¼ 3). In samples from Monovette tubes the clotting times showed large variations, 44.9 AE 38.7 min without and 69.8 AE 61.7 min with the antibody (n ¼ 7), the difference was Clotting times for citrated blood from different blood collection tubes that was recalcified at different time points after blood collection. Each point shows the mean and SD for clotting times from five different individuals. Clotting times upon recalcification of platelet poor plasma anticoagulated with citrate, which was portioned and centrifuged at different time points after blood collection (15 min , 30 min or 1 h). Each point shows the mean and SD for clotting times from five or six different individuals. Clotting times upon recalcification of platelet poor plasma that was prepared 1 h after blood collection. The different inhibitors (corn trypsin inhibitor (CTI; 50 mg/ml) or an antibody against human factor XI (antifXI; 55 mg/ml)) were incubated with the plasma for 5 min at 378C before recalcification. The bars show the mean and the error bars the SD. Asterisks shows significant changes when compared to the clotting times for the corresponding control samples without inhibitor ( Ã P < 0.05; ÃÃ P < 0.01). not significant. Another, non-inhibitory antibody against human tissue factor gave clotting times of 47.4 AE 40.2 min and also prolonged clotting times in two out of four experiments, indicating that this might be an unspecific effect.
To check whether these effects were a consequence of the blood contacting the tubes, the inhibitors were also added to the tubes before blood collection (Fig. 4) . The blood was left within the tubes for 1 h at room temperature before recalcification. In this setting, the presence of CTI indeed caused a prolongation of the clotting time of approximately 10 min in blood from all tubes. The presence of an antibody against factor XI, however, could completely prevent coagulation in four out of five samples from Vacutainer, three out of five samples from Vacuette and one out of five samples from Monovette tubes. Platelet poor plasma was also prepared from the same blood samples and recalcified (Fig. 5) . It is obvious that in the absence of blood cells, both CTI and anti-factor XI were very effective in prolonging the clotting time in all types of tubes, with a complete anticoagulation (no clotting within 180 min) in 10 out of 15 experiments with CTI and 14 out of 15 experiments with anti-factor XI. No effects on the clotting time were seen when the inhibitory antibody against tissue factor was present in the tubes (data not shown).
The presence of activated platelets has previously been shown to shorten the clotting times [10] . The same shortening might possibly occur if the plasma contains microparticles released from platelets, since these have been shown to support coagulation via tissue factorindependent pathways [11] . Therefore we checked plasma samples from Vacutainer, Vacuette and Monovette tubes (n ¼ 3) for the presence of platelet or leukocyte-derived microparticles (particles positive for CD41 or CD45, respectively) by flow cytometry, but found no significant amounts of microparticles in plasma from any of the three brands of tubes, and the small numbers still detected did not differ between the different tubes (data not shown).
Discussion
The findings reported here indicate that blood and plasma collected in Vacutainer or Vacuette tubes become procoagulant with time in a process starting immediately after blood collection and with maximal effects after approximately 30 min of storage.
When comparing the results from previous studies using thromboelastography, we found that those that did not show any large differences between native and citrated blood [4, 5] did not use vacuum tubes for the blood collection, while the studies reporting rapid changes towards a procoagulant state in citrated samples did Clotting times for whole blood where corn trypsin inhibitor (CTI; 30 mg/ml) or an antibody towards human factor XI (anti-fXI; 33 mg/ml) had been added to the vacuum tubes before blood sampling. Recalcification and clotting time determinations were done 1 h after blood collection. The bars show the mean and the error bars the SD. Asterisks show significant changes when compared with the clotting times for the corresponding control samples without inhibitor ( Ã P < 0.05; ÃÃ P < 0.01). Clotting times for platelet poor plasma when corn trypsin inhibitor (CTI; 30 mg/ml) or an antibody towards human factor XI (anti-fXI; 33 mg/ml) had been added to the vacuum tubes before blood sampling. Plasma preparation, recalcification and clotting time determinations were performed 1 h after blood collection. The bars show the mean and the error bars the SD. Asterisks show significant changes when compared to the clotting times for the corresponding control samples without inhibitor ( Ã P < 0.05; ÃÃ P < 0.01).
use Vacutainer tubes [7, 8] . This cannot be the only explanation, however, since another study [3] found significant differences between native and citrated blood, as well as an overall trend towards hypercoagulability in citrated blood samples during storage, but did not use vacuum tubes for the blood collection. In that study, the authors hypothesized that their findings were partly due to the fact that they were using thromboelastography without any coagulation activator, which increased its sensitivity towards these trends. It is reasonable to assume that all factors decreasing the clotting time also decrease the possibility to detect subtle changes in coagulability of the original sample. This should mean that the use of an unsuitable type of blood collection tube might be able to mask changes caused by, for example, inhibitors or weak agonists, just like the use of too strong coagulation activators. In these cases, the experiments performed might lead to the wrong conclusions.
The fact that CTI added to Vacutainer or Vacuette tubes before sample collection could inhibit the procoagulant effect indicates that this effect is due to activation of the intrinsic pathway, most probably due to blood contact with foreign surfaces. All manufacturers claim to use polypropylene plastic for the surface of the tube contacting the platelets. During manufacture of polypropylene products, however, different additives are often included, like flame retardants, antioxidizers, light stabilizers or clarifying agents. The use of different additives in the different tubes could possibly be one reason for the differences experienced. Another difference might be the material in the stoppers, which was not stated by any manufacturer. The results obtained when CTI was added to plasma samples after 1 h might, however, lead to false conclusions, since an addition at this stage had minor effects. In that stage, however, an antibody against factor XI still had a marked effect, showing that the fXIIa formed during storage activates factor XI even in the presence of citrate, in a mechanism similar to the one occurring during the preincubation phase of an APTT test, but without the addition of a negatively charged coagulation activator [12] . The antibody against tissue factor did not seem to affect the coagulation at any stages, indicating that the extrinsic pathway was not involved in the shortening of the clotting times.
It has been reported that magnesium contamination of the citrate solution in Vacutainer tubes could affect measurements of prothrombin time [13] . In our experiments, however, the differences could not be due to any additions to the Vacutainer citrate solution, since no clotting time decrease occurred when this solution was transferred to a Monovette tube. In the study mentioned above, the authors also used Vacutainer tubes made of siliconized glass instead of the plastic tubes used by us.
Another hypothesis was that the clotting time decrease was due to the formation of procoagulant microparticles when blood cells got into contact with the tubes. This hypothesis was based on two reports studying plateletderived microparticles in citrate plasma from healthy volunteers, collected in Vacutainer tubes. Similar to our experiments, these particles were found to generate thrombin in a process involving factor XI, although largely independent of factor XII and tissue factor [11, 14] . In an earlier study by the same group, much lower amounts of microparticles were found in plasma collected in ethylenediaminetetraacetic acid [15] , which is just in line with a report by Wolf from 1967 [16] . We therefore analysed the presence of microparticles of platelet (CD41-positive) or leukocyte (CD45-positive) origin using flow cytometry, but found similar and very small amounts of microparticles in plasma from all three brands of tubes. It is therefore not probable that formation of microparticles explains the decrease in clotting times observed.
From this we conclude that blood collection in Vacutainer or Vacuette tubes will cause an activation of factor XII and XI during the first 30 min after blood collection, a fact that might have a severe impact on the results for assays in which clotting times (and probably other coagulation-related endpoints, such as thrombin generation) in the range of several minutes are to be studied. For clinical routine analyses like APTT and prothrombin time, with clotting times in the range of seconds, the differences are certainly smaller, but they might still be relevant in samples for which clotting times are prolonged. Further studies are needed to answer that question. From our point of view, however, the Monovette system seems to be preferable, since the clotting times recorded with these tubes are similar to the ones we usually obtain from blood without any anticoagulant added [10] .
